We have expressed and characterized the severe acute respiratory syndrome coronavirus (SARS-CoV) spike protein in cDNA-transfected mammalian cells. The full-length spike protein (S) was newly synthesized as an endoglycosidase H (endo H)-sensitive glycoprotein (gp170) that is further modified into an endo H-resistant glycoprotein (gp180) in the Golgi apparatus. No substantial proteolytic cleavage of S was observed, suggesting that S is not processed into head (S1) and stalk (S2) domains as observed for certain other coronaviruses. While the expressed full-length S glycoprotein was exclusively cell associated, a truncation of S by excluding the C-terminal transmembrane and cytoplasmic tail domains resulted in the expression of an endoplasmic reticulum-localized glycoprotein (gp160) as well as a Golgi-specific form (gp170) which was ultimately secreted into the cell culture medium. Chemical cross-linking, thermal denaturation, and size fractionation analyses suggested that the full-length S glycoprotein of SARS-CoV forms a higher order structure of ϳ500 kDa, which is consistent with it being an S homotrimer. The latter was also observed in purified virions. The intracellular form of the C-terminally truncated S protein (but not the secreted form) also forms trimers, but with much less efficiency than full-length S. Deglycosylation of the full-length homotrimer with peptide N-glycosidase-F under native conditions abolished recognition of the protein by virus-neutralizing antisera raised against purified virions, suggesting the importance of the carbohydrate in the correct folding of the S protein. These data should aid in the design of recombinant vaccine antigens to prevent the spread of this emerging pathogen.
A new infectious disease, known as severe acute respiratory syndrome (SARS), first appeared in China in 2003 and has so far resulted in a cumulative total of 8,098 probable SARS cases and more than 774 deaths in 32 countries (33) . Phylogenetic sequence analysis of the SARS coronavirus (SARS-CoV) genome demonstrated that it is not closely related to any of the three previously known coronavirus groups, nor is it a reassortant of known coronaviruses (17, 21, 27) . However, the S1 domain of the SARS-CoV spike protein has significant similarity with those of group 2 coronaviruses in terms of the number and spatial arrangement of cysteine residues, suggesting that SARS-CoV is more closely related to the group 2 coronaviruses (10) . Recently, a virus with very close sequence identity with SARS-CoV was identified from civet cats, raccoon dogs, and the Chinese ferret badger, indicating that the SARS viral origin was zoonotic (11, 13, 22) . After the onset of the SARS epidemic, aggressive quarantine measures successfully suppressed the emergence of SARS. In 2004, however, several cases of community-acquired SARS have been reported in China, indicating that the transmission of SARS still continues and that a vaccine is urgently required.
Coronaviruses are enveloped viruses with large, positive-stranded RNA genomes (27 to 31 kb). Their genomes have five major open reading frames that encode the replicase polyproteins, the spike (S), envelope (E), and matrix (M) glycoproteins, the nucleocapsid protein (N), and other small proteins with unknown functions (6, 18) . Among these proteins, the S protein is responsible for the binding of virus to cellular receptors and is a likely target for eliciting viral neutralizing antibodies (2) . The S polypeptide is N-glycosylated cotranslationally in the endoplasmic reticulum (ER) and further processed in the Golgi apparatus (2) . While the S glycoproteins of human coronavirus 229E, transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus, feline infectious peritonitis virus, and canine coronavirus remain as single glycoproteins, those of mouse hepatitis virus, bovine coronaviruses, and human coronavirus OC43 are proteolytically cleaved into two subunits, S1 and S2, during the cellular transport process. Earlier studies of TGEV indicated that the S protein is an oligomer composed of three copies of the monomeric S glycoprotein (7) . Such a quaternary structure has been reported for other enveloped RNA viruses and has been demonstrated to be important for eliciting neutralizing antibodies against hemagglutinin A (HA) of influenza virus (30) , the gp120-gp41 heterodimer of human immunodeficiency virus (34) , and the G protein of vesicular stomatitis virus (9) . The amino acid sequence of the SARS-CoV S glycoprotein, as deduced from the published genome sequence, reveals that it has a 1,255-amino-acid precursor polypeptide with 23 potential N-linked glycosylation sites (10, 21, 27, 35) . As judged by comparison with other coronaviruses, the sequence of the SARS-CoV S protein may comprise the following hypothetical features ( Fig. 1 ): a 13-amino-acid cleavable secretory signal (21) , a putative S1 globular domain with a potential receptor binding site (19, 29, 32, 35) , a putative S2 stalk domain with a fusion peptide and heptad repeat motifs that could form a alpha-helical structure which may interact with other subunits to form a coiled-coil oligomeric structure (1, 15, 20) , and a hydrophobic transmembrane (TM) domain near the C terminus that could be responsible for anchoring the S protein to the virion lipid envelope (1). This potential membrane anchor region is immediately followed by a cysteine-rich (Cy) domain, a feature common to all other coronaviruses, which may stabilize protein-lipid interactions (4) .
For this investigation, we expressed various forms of the SARS-CoV spike glycoprotein in several mammalian cell lines in order to determine the physicochemical and functional properties of this glycoprotein and its domains. Our data indicate that the SARS-CoV spike glycoprotein is expressed as a plasma membrane-associated, uncleaved, homotrimeric form for which the quaternary structure is similar to that of TGEV. A C-terminally truncated form can be secreted into the cell medium primarily in a nonoligomeric form. Since the S protein is a likely candidate for inducing protective immunity, the elucidation of this native form of the recombinant S glycoprotein is likely to be crucial for the development of effective vaccines.
MATERIALS AND METHODS

Construction of expression plasmids. cDNA fragments containing the S pro-
tein open reading frame of 1,255 amino acids were amplified by reverse transcription-PCR from SARS viral RNA (Frankfurt isolate, accession number AY310120) grown in Vero cells (10) . The amplified PCR fragments were cloned into the pBlueScript vector (Stratagene, La Jolla, Calif.) and then sequenced, and a consensus spike sequence was assembled to create a full-length SARS spike clone, called pBS-nSh. The insert of this plasmid was recloned via XhoI and NotI into a mammalian expression vector, pCMVIII (28) , to create the construct nSh ( Fig. 1) . A PCR fragment containing a spike protein of 1,195 amino acids, which had a deletion of the TM domain and the cysteine-rich cytoplasmic tail (Cy), was amplified and cloned into the pCMVIII vector to generate the construct nSh⌬TC ( Fig. 1 ). Both constructs were tagged with six histidine residues at the C terminus in order to aid in their characterization. The XhoI/NotI fragment without a histidine tag was also subcloned into the alphavirus replicon vector backbone pVCRchim2.1 (23) for use in the production of an alphavirus replicon particle chimera that expresses the S protein. The production and characterization of the replication-defective alphavirus vector particles were performed essentially as described previously (23, 24) . The resultant alphavirus vector particles were named VEE/SIN-SSP.
Cells and transfection. COS7 cells and BHK21 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37°C and 5% CO 2 in air. COS7 cells were transfected with expression plasmids (nSh and nSh⌬TC) by use of a transfection kit (TransIT-COS) according to the manufacturer's protocol (Mirus, Madison, Wis.). The cells were washed once with ice-cold phosphate-buffered saline (PBS) and lysed with 1ϫ lysis buffer (20 mM MOPS, 10 mM NaCl, 1.5 mM MgCl 2 , and 1% Triton X-100) containing complete mini protease inhibitor (Roche, Indianapolis, Ind.). After a 30-min incubation on ice, the debris was cleared by centrifugation. The cleared lysate was either purified or used directly for Western blotting.
Purification of secreted spike proteins from medium. The medium from transfected cells was collected and subjected to centrifugation at 12,000 ϫ g for 10 min to remove cellular debris. The cleared medium was applied to a concanavalin A-agarose column (Vector Laboratories, Burlingame, Calif.). The column was washed extensively with 20 mM sodium phosphate buffer, and then the bound proteins were eluted with 1 M methyl ␣-D-mannopyranoside (Sigma, St. Louis, Mo.) and 1 M NaCl in 20 mM sodium phosphate buffer (26) . Column fractions containing SARS-CoV spike proteins were applied to the MagneHis protein purification system according to the protocol suggested by the manufacturer (Promega, Madison, Wis.).
Western blot analysis. Proteins were separated by sodium dodecyl sulfate-4 to 20% polyacrylamide gel electrophoresis (SDS-4 to 20% PAGE) and then transferred electrophoretically to a nitrocellulose membrane (Invitrogen, Carlsbad, Calif.). The membrane was blocked with blocking buffer (5% skim milk and 0.1% Tween 20 in PBS), incubated with the indicated antibody at room temperature for 1 h, washed, probed with a horseradish peroxidase-conjugated secondary antibody (Biosource, Camarillo, Calif.) followed by chemiluminescence (ECL system; Amersham, Piscataway, N.J.), and exposed on X-ray films. The antibodies used were a mouse anti-histidine monoclonal antibody (anti-His-tag MAb; Novagen, Darmstadt, Germany), a rabbit polyclonal antipeptide antibody against the SARS-CoV spike protein (SARS-Sm antibody; Abgent, San Diego, Calif.), and rabbit anti-SARS sera (2BE) obtained by the immunization of rabbits with inactivated and purified SARS-CoV virions. This last antibody has a cell culture neutralizing titer of 1/500 (K. Stadler, unpublished data). Unless stated otherwise, antibodies were used at 1/1,000 for the anti-histidine and SARS-Sm antibodies and at 1/10,000 for anti-SARS rabbit sera.
Indirect immunofluorescence assay. At 48 h posttransfection, cells were directly fixed with 2% paraformaldehyde without detergent for cell surface staining or were treated with a detergent mix (Cytofix/Cytoperm solution; BD Biosciences, San Jose, Calif.) for intracellular staining. Fixed cells were then stained The cDNA fragments encompassing the full-length spike coding sequence and the spike sequence with deletions of the TM and Cys-rich regions were cloned into an expression vector, pCMVIII, to create nSh and nSh⌬TC, respectively. All proteins were tagged with six histidine residues at the end of the C terminus. (B) Schematic diagram of SARS-CoV spike glycoprotein. The hypothetical features of the SARS-CoV S protein were drawn based on information from other coronaviruses.
with rabbit anti-SARS sera (2BE) and a fluorescein isothiocyanate-conjugated antibody (Molecular Probes, Eugene, Oreg.).
Radiolabeling and immunoprecipitation. BHK21 cells were infected with VEE/SIN-SSP replicon particles at a multiplicity of infection (MOI) of 5. After incubation for 6 h, the cells were incubated with methionine-and cysteine-free Dulbecco's modified Eagle's medium (GIBCO BRL, Carlsbad, Calif.) for 1 h at 37°C and then pulse labeled with 300 Ci of L-[ 35 S]methionine-cysteine (Amersham) for 1 h at 37°C. At the end of the pulse period, the cells were washed once with serum-free medium and chased at 37°C for the indicated time with complete growth medium containing 5% fetal bovine serum. The labeled cells were then washed once with PBS (pH 7.4) and lysed with 1ϫ lysis buffer as described above. The cleared cell lysates were incubated overnight with rabbit anti-SARS sera (2BE) at 4°C and then were incubated with protein A-Sepharose (Amersham) for 2 h at 4°C. The beads were collected by centrifugation (3,000 ϫ g for 2 min at 4°C), washed three times with TPBS buffer (0.1% Tween 20 in PBS), and washed once with 120 mM Tris, pH 7.0. The samples were resuspended in SDS loading buffer with 50 mM dithiothreitol (DTT), denatured by boiling for 5 min, and either digested with endoglycosidase H (endo H) or used directly for SDS-PAGE and autoradiography.
Endo H digestion of spike proteins. The cell lysate, purified secreted spike protein, or eluted immune complex from immunoprecipitation was diluted with sample buffer (50 mM sodium phosphate, 0.1% SDS, 50 mM DTT, pH 6.0) and boiled for 5 min. After denaturation, the samples were further diluted with 0.75% Triton X-100 and then treated with endo H according to the manufacturer's protocol (Calbiochem) for 3 h at 37°C. Enzyme-treated samples were added to gel loading buffer containing 1% SDS and DTT and then were analyzed by SDS-8% PAGE.
PNGase F treatment of spike proteins. The cell lysates were diluted in 0.5% SDS and 1% ␤-mercaptoethanol and denatured at 100°C for 10 min. After a twofold dilution with 1% NP-40 in 50 mM sodium phosphate (pH 7.5), the samples were treated with peptide N-glycosidase F (PNGase F; NEB, Beverly, Mass.) at 37°C for 1 h. Enzyme-treated samples were analyzed by SDS-4 to 12% PAGE under reducing conditions. For partial digestion with PNGase F, the cell lysates were diluted with 50 mM sodium phosphate (pH 6.0) containing 0.75% Triton X-100 and were treated with PNGase F (Calbiochem) at 37°C for 3 h. Enzyme-treated samples were analyzed by SDS-4 to 12% PAGE under nonreducing conditions. Inactivated SARS-CoV preparation. Vero cells were infected with SARS-CoV (FRA isolate, accession number AY310120) at an MOI of 0.001. The supernatant was harvested at 48 h postinfection and centrifuged for 10 min at 10,000 ϫ g at 4°C to remove cellular debris, and the virus was inactivated with ␤-propiolactone. The virus was then isolated by passage over an affinity matrix and was further purified by sucrose gradient centrifugation (15 to 40% [wt/wt] in PBS, pH 7.2) in an SW-28 rotor at 20,000 rpm for 2 h at 4°C.
Cross-linking experiments. Aliquots of inactivated virions from sucrose gradient fractions were treated with 10% SDS at a 1% final concentration and diluted twofold with 0.2 M triethanolamine-HCl (pH 8) (Sigma); dimethyl suberimidate (DMS; Pierce Biotechnology, Inc., Rockford, Ill.) was then added from a freshly prepared solution (10 mg/ml in 0.2 M triethanolamine-HCl) to a final concentration of 3.3 mg/ml. After 2 h at room temperature, the samples were concentrated with Centricon-30 columns (Millipore, Billerica, Mass.) and analyzed by silver staining after electrophoresis through a 4% polyacrylamide gel.
RESULTS
Characteristics of recombinant SARS spike proteins expressed in mammalian cells.
We first cloned a cDNA fragment encompassing the full-length SARS-CoV S protein of 1,255 amino acids into the Bluescript transcription vector. In vitro transcription, followed by translation in a rabbit reticulocyte lysate with or without membranes, resulted in the production of a single polypeptide with an estimated molecular mass of ϳ140 kDa (data not shown). A cDNA fragment of the fulllength sequence as well as a construct with a deletion of both the predicted TM and the downstream Cys-rich domains was then inserted into the expression vector pCMVIII, creating constructs termed nSh and nSh⌬TC, respectively ( Fig. 1A) . Both constructs were tagged with six histidine residues at the C terminus in order to aid the characterization of the recombinant full-length spike (S) or deleted spike (Sd) proteins.
We evaluated the profile of spike protein expression in COS7 cells at 48 h posttransfection by Western blot analyses with an anti-histidine MAb or with a polyclonal rabbit antiserum obtained after immunizations with inactivated and purified SARS-CoV virus preparations (Fig. 2) . The S protein was detected in cell lysates as a doublet with an estimated molecular mass of ϳ170 to ϳ180 kDa when the lysate was boiled and analyzed under reducing SDS-PAGE conditions ( Fig. 2A, lane 3) . This doublet appeared to result from differential glycosylation of one polypeptide product since pretreatment of the cell lysate with PNGase F reduced the doublet to a single species of ϳ140 kDa ( Fig. 2A, lane 4) . This is the expected size predicted from the genomic sequence for a fulllength, intact polypeptide product. This experiment indicates that the full-length SARS-CoV S protein is expressed in mammalian cells as a single, uncleaved polypeptide, but in two differentially glycosylated forms, termed gp170 and gp180, respectively. Unlike the two S glycoforms encoded by the fulllength sequence, neither of which was secreted, the Sd protein product was detected both in cell lysates ( Fig. 2A, lane 5) and in the cell culture medium (Fig. 2B, lane 3) analyzed by reducing SDS-PAGE (Fig. 3A) . After a 1-h pulse, the S protein was apparent as a single gp170 component that was endo H sensitive (Fig. 3A, lanes 1 and 2) . After a 2-h chase, a new species (gp180) was present along with gp170 in approximately equal proportions (Fig. 3A, lane 3) . After a 4-h chase, the gp180 species was the dominant S protein component (Fig. 3A, lane 5) , which was then endo H resistant (Fig.  3A, lanes 5 and 6) . These data are consistent with gp170 being an ER-resident glycoprotein containing high levels of mannose chains and with gp180 corresponding to a Golgi-processed glycoprotein containing endo H-resistant complex oligosaccharides.
We next tested the endo H sensitivity of the C-terminally deleted Sd protein purified from the cell culture medium. As shown in Fig. 3B , the Sd protein observed within cell lysates was found to be endo H sensitive (Fig. 3B, lanes 1 and 2) , while the secreted Sd in the cell culture medium was endo H resistant (Fig. 3B, lanes 3 and 4) . This result is consistent with this glycoprotein being synthesized in an immature form in the ER prior to transfer to the Golgi, where the complex carbohydrate is added and from which the protein is then secreted.
Oligomeric nature of full-length SARS-CoV spike proteins. As previously described, the S protein expressed in COS7 cells was detected as a gp170-gp180 doublet by Western blot analyses of cell lysates that were fully denatured by boiling in the presence of DTT. However, the majority of the S protein was detected as a high-molecular-mass glycoprotein in the 440-to 669-kDa range when the same cell lysate was not heat denatured prior to Western blot analysis after SDS-PAGE (Fig. 4A , lane 2). As shown in Fig. 4 , this ϳ500-kDa species was resistant to a 50 mM DTT treatment (Fig. 4A, lane 3) and was not dissociated into the monomeric form unless the lysate was first heat denatured at 100°C (lane 4). In contrast, the oligomeric form of a test protein (thyroglobulin), for which the quaternary structure is formed by disulfide linkage, was converted into a monomeric subunit form by the 50 mM DTT treatment (data not shown). These data suggest that the ϳ500-kDa oligomeric form of the S protein is not disulfide linked but is heat labile. To confirm the heat sensitivity of the ϳ500-kDa species of the The proteins were solubilized from the virion particles with SDS, heat denatured as indicated, and visualized as described for panel A, except that a rabbit antiserum (2BE) against the purified virus was used as a probe. (D) Analysis of oligomeric status of SARS virion spike protein by cross-linking experiment. Solubilized SARS virion proteins were treated with DMS. Both untreated and DMS-treated virion proteins were heat denatured in the absence of DTT and visualized by 4% PAGE followed by silver staining.
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RECOMBINANT SARS-CoV SPIKE PROTEIN 10331 on March 11, 2015 by guest http://jvi.asm.org/ S protein, we repeated the heat denaturation experiment without DTT. As shown in Fig. 4B , heat denaturation of the ϳ500-kDa protein at 100°C alone was sufficient to convert it to gp170 and gp180 monomeric forms (Fig. 4B, lane 4) . With an 80°C heat denaturation step, both the ϳ500-kDa and monomeric forms were detectable in similar proportions (Fig. 4B, lane 3) .
In order to investigate further whether this ϳ500-kDa species represents an S protein oligomer in its native conformation, we performed comparative analyses with a virion-derived S glycoprotein derived from Vero cell cultures. The purified virions were solubilized in 1% SDS prior to Western blot analyses after SDS-PAGE. The presence of the ϳ500-kDa spike protein oligomer was confirmed in the virion particles (Fig. 4C, lane 1) . In addition, heat denaturation of solubilized virions produced the same oligomer-to-monomer conversion as that seen with the full-length recombinant S protein (Fig.  4C, lanes 2 and 3) . We further analyzed the oligomeric nature of virion S with a cross-linking experiment. For this analysis, we heat denatured both untreated and cross-linked virion proteins with DMS and analyzed the heat effect on the maintenance of the oligomer structure by SDS-PAGE and silver staining. In the absence of cross-linking, heat denaturation resulted in the replacement of the ϳ500-kDa spike protein species with the monomer species (Fig. 4D, lanes 1 to 3) . In contrast, in the cross-linked proteins, the levels of the ϳ500-kDa and monomer species did not change significantly after heating (Fig. 4D,  lanes 4 to 6) . These data support the fact that the ϳ500-kDa protein is an oligomer of S monomer proteins that are bound noncovalently. After cross-linking and boiling, the ϳ500-kDa species migrated as a somewhat slower diffuse form than the untreated form (Fig. 4D, lane 6) . This mobility shift was probably due to a structural change resulting from boiling. In addition, we detected a minor protein species of ϳ300 kDa, which may represent a nondissociated S dimer.
We attempted to estimate more precisely the size of the recombinant ϳ500-kDa S species expressed in COS7 cells. To this end, we fractionated the COS7 cell lysate containing the S protein oligomer by size-exclusion column chromatography. The major portion of the ϳ500-kDa oligomer was coeluted with a 572-kDa marker protein (data not shown). Taken together, these experiments suggest that the ϳ500-kDa S species seen in COS7 cell lysates is probably a homotrimer of the S protein monomer. We cannot rule out the formal possibility that S has been oligomerized with some other cellular proteins.
Purification and further analysis of the recombinant oligomeric S protein are needed to confirm this hypothesis.
Oligomeric status of spike protein with a deletion of the TM domain and Cys-rich region (Sd). We next examined the oligomeric status of the Sd protein expressed in COS7 cells. As shown in Fig. 5 , the recombinant Sd proteins present in cell lysates were also detected in high-molecular-mass forms of ϳ500-kDa when the lysate was not heated prior to SDS-PAGE and Western blot analysis (Fig. 5A, lane 1) . However, a heat sensitivity test with this ϳ500-kDa protein showed that the intracellular Sd oligomer was more heat labile than the fulllength S oligomer, as demonstrated by the Ͼ90% conversion of all of the ϳ500-kDa species into monomeric Sd forms at 80°C (Fig. 5A, lane 2) . Also, as shown in Fig. 5B , the majority of the secreted Sd protein was found in the monomeric form, with the ϳ500-kDa species being barely detectable (and only detectable when the protein was loaded in excess for Western blot analysis) (Fig. 5B, lane 1) . At a temperature above 80°C, all secreted Sd proteins were detected as monomers (Fig. 5B, lanes  2 and 3) . While these data indicate the capacity of the Sd protein to form oligomers, it appears that the C-terminal TM and/or cytoplasmic tail region may be required for stabilization of the trimer.
Influence of sugar moiety in S oligomers on recognition by neutralizing antisera raised against purified SARS virus. We next tested whether deglycosylation of the ϳ500-kDa (gp540) oligomer of the S protein affects antibody binding. We therefore treated the recombinant COS7 cell lysate with PNGase F under nondenaturing conditions without SDS and DTT, as described in Materials and Methods, and performed Western blot analyses. As shown in Fig. 6 , deglycosylation did not affect the binding of an anti-histidine MAb to the treated S oligomer (lanes 2 and 3). However, it compromised the reactivity with the rabbit antiserum raised against the purified virus (lane 6). This antiserum bound to virion-derived S in Western blot anal- yses only when DTT was omitted from the sample for SDS-PAGE, indicating that it recognizes primarily a discontinuous conformational epitope(s) (data not shown). This antiserum has also been shown to have a high titer of viral neutralizing antibodies (data not shown). Its lack of binding to deglycosylated recombinant S suggests that the carbohydrate may actively contribute to the higher order native structure of the S polypeptide oligomer.
Cellular location of recombinant SARS-CoV S proteins. The cellular location of the S and Sd proteins in COS7 cells was analyzed by indirect immunofluorescence microscopy. Upon the probing of fixed cells with rabbit antiserum against the whole inactivated virus, the nSh-transfected cells showed a cytoplasmic staining pattern (Fig. 7A) , as did nSh⌬TC-transfected cells (Fig. 7B) , although in the latter case, a more punctate pattern was observed, possibly indicative of stronger Golgi staining. While the complete S protein was also observed on the surfaces of transfected and unfixed cells (Fig. 7D ), the Sd protein was undetectable on the cell surface (Fig. 7E) . These results indicate the role played by the TM and Cys-rich domains in anchoring the S protein to the plasma membrane. Although the TM region alone is likely responsible for membrane anchorage, the potential role of the Cys-rich region remains to be determined.
DISCUSSION
This work demonstrates that the SARS recombinant fulllength S protein is an N-linked glycoprotein with an estimated molecular weight of 170,000 to 180,000 Da. Deglycosylation with PNGase F resulted in a polypeptide of the expected size for the uncleaved encoded polypeptide (140 kDa). Both transient and stable expression of the full-length SARS-CoV S gene in a variety of mammalian cells, including the COS7, 293, BHK21, and Huh7 cell lines, consistently produced an S pro-tein doublet (gp170-gp180) that was detected in Western blot analyses. Pulse-chase analyses of transfected cells demonstrated that the SARS-CoV S protein was initially synthesized as an endo H-sensitive gp170 species followed by the gradual appearance of an endo H-resistant gp180 form, presumably as a result of the addition of a complex carbohydrate within the Golgi apparatus.
The recombinant S protein was not secreted into the cell culture medium unless the C-terminal 60 amino acids containing the TM region and the Cys-rich tail were deleted. It is known that coronaviral S protein secretion is significantly increased during a viral infection (25) , so the secretion of the full-length spike protein in our system could have been disrupted due to the absence of viral infection and morphogenesis.
In the present study, we analyzed the quaternary structure of the full-length recombinant S protein by cross-linking treatment, heat denaturation, and size fractionation analyses. Our data are consistent with the recombinant S protein existing as a homotrimer of ϳ500 kDa. Similar analyses of virion-derived S yielded the same results. Such a trimeric structure has been reported for other enveloped RNA viruses, including HA of influenza virus (30) , the E1-E2 heterodimer of alphaviruses (14) , and the G protein of vesicular stomatitis virus (9) . Incubations under reducing conditions indicated that the SARS-CoV S trimeric structure is noncovalently associated and is very stable. S oligomers present in the cell lysate were shown to be resistant to reduction by 50 mM DTT, a detergent treatment with 1% SDS, and heat denaturation up to 60°C. Incubation at a temperature higher than 80°C resulted in the dissociation of the trimeric complex, as evidenced by the decrease in trimer bands with a concomitant increase in monomer bands. The temperature-induced appearance of the high-mannosylated gp170 (ER monomer form) as well as the complexglycosylated gp180 (Golgi monomer form) suggests that trim- erization may occur before the transport of the monomer spike protein to the medial Golgi apparatus. This is consistent with other reports for TGEV, influenza virus HA, and vesicular stomatitis virus G proteins (5, 7, 12, 16, 36) . For these proteins, trimerization was reported to take place before the addition of complex oligosaccharides in the Golgi apparatus.
The C-terminally truncated form of S was found in the cell lysate in both oligomeric and monomeric forms at similar frequencies. The truncated protein secreted into the medium was found to be fully glycosylated and essentially all monomeric. We conclude that the C-terminal 60 amino acids of the S glycoprotein contain a membrane anchor region(s) that affects the efficiency of trimerization. For S protein trimerization, it is possible that the C-terminal region is required to initiate the event, with the triple-stranded coiled-coil structures elsewhere in the S molecule providing a further stabilizing force, as seen for the HA oligomer of influenza virus (8, 31, 36) .
It should be pointed out that our data are based on the expression of recombinant S glycoproteins and that we therefore may be missing other possible modifications to S that are made in virus-infected cells. Further characterization of S and other viral proteins from virus-infected cells is therefore important.
The epidemic potential and severe pathogenicity of SARS-CoV highlight the need for an effective vaccine. Attenuated live viral vaccines have been effective against avian coronaviral infections (3). Due to its severe pathogenicity and the risks associated with attenuation, current approaches to SARS-CoV vaccine development may focus on the use of inactivated viral vaccines, recombinant polypeptide subunit vaccines, or antigen delivery via safe viral vectors. Although an inactivated viral vaccine could be proven effective against SARS-CoV, a recombinant antigen vaccine would be potentially easier and safer to prepare and use. It is generally believed that polymeric antigens are more immunogenic and effective in the induction of protective immunity. The oligomeric and apparently native form of recombinant S described and characterized here represents a promising vaccine candidate. Animal immunogenicity and viral challenge studies are in progress.
